Summary Metabolic abnormalities antedate the development of non-insulin-dependent diabetes mellitus (NIDDM) by some years. How these metabolic abnormalities relate to the genetic component of the disease and to the subsequent prediction of diabetes is unknown. The present study was designed to examine the association of parental diabetes with relative weight, fasting and 2-h plasma glucose and fasting and 2-h serum insulin in childhood, and to identify which of these variables were most predictive of subsequent NIDDM. Subjects comprised 1258 Pima Indians aged 5-19 years with normal glucose tolerance participating in a longitudinal population-based study. Age-sex-adjusted values of relative weight, fasting and 2-h glucose and fasting and 2-h insulin were positively associated with parental diabetes. Only one of 138 subjects with two non-diabetic parents developed diabetes. Among 1120 subjects with at least one diabetic parent, 101 (9.0%) developed diabetes during a mean follow up of 8.4 years. Fasting insulin Was a significant predictor of diabetes, but did not add to the predictive value of relative weight. Relative weight and 2-h and fasting plasma glucose were the variables most predictive of NIDDM in childhood and adolescence. Against a background of parental diabetes, high fasting insulin concentrations predict diabetes, compatible with the hypothesis that insulin resistance is an early metabolic abnormality leading to NIDDM. In this study, however, its predictive power did not add significantly to that of relative weight, with which it was correlated. Both relative weight and 2-h plasma glucose in youth in those with diabeticparents are highly predictive of subsequent diabetes, and these may be the best measures currently available for identifying high-risk subjects in whom preventive measures might be targeted. [Diabetologia (1994) Abbreviations: NIDDM, Non-insulin-dependent diabetes mellitus; CI, confidence interval; IRR, incidence rate ratio awareness of the potential pathogenetic importance of such markers for future disease. The finding of hyperinsulinaemia in childhood in several populations at high risk for NIDDM [12] [13] [14] [15] [16] has furthered speculation on the chronology of the antecedent metabolic abnormalities and renewed interest in hyperinsulinaemia as a metabolic marker for the prediction of this disease at an early age [16] . How these metabolic abnormalities relate to the widely accepted genetic component of the disease remains poorly defined. Studies in Pima Indians and other populations have indicated that insulin resistance is predictive of NIDDM [4, 11] . Insulin resistance itself may be genetically determined [17] [18] as indicated by the findings of decreased insulin action and hyperinsulinaemia in non-diabetic first-degree relatives of patients with diabetes [19] , in
awareness of the potential pathogenetic importance of such markers for future disease. The finding of hyperinsulinaemia in childhood in several populations at high risk for NIDDM [12] [13] [14] [15] [16] has furthered speculation on the chronology of the antecedent metabolic abnormalities and renewed interest in hyperinsulinaemia as a metabolic marker for the prediction of this disease at an early age [16] . How these metabolic abnormalities relate to the widely accepted genetic component of the disease remains poorly defined. Studies in Pima Indians and other populations have indicated that insulin resistance is predictive of NIDDM [4, 11] . Insulin resistance itself may be genetically determined [17] [18] as indicated by the findings of decreased insulin action and hyperinsulinaemia in non-diabetic first-degree relatives of patients with diabetes [19] , in normoglycaemic adult offspring of diabetic parents [11, 20, 21] and more recently by genetic linkage studies [22] . The role of obesity and other factors in the development of glucose tolerance [20, 21, [23] [24] [25] [26] [27] [28] and in relation to these putative genetic and metabolic abnormalities especially at an early age remains unclear.
Although measurement of insulin resistance as a marker of future diabetes has conceptual appeal, the value of this information must be placed in the context of other recognised risk factors [5, 29] . The demonstration of metabolic abnormalities in childhood and adolescence might offer not only information regarding the pathogenesis of disease but conceivably also identify practical opportunities for prevention.
The aim of the present study was to answer several questions directly related to these issues: 1) Are metabolic variables in childhood associated with parental diabetes? 2) Does hyperinsulinaemia in childhood and adolescence predict diabetes? 3)Which variables in children are most predictive of the future development of diabetes?
These questions are addressed among the Pima Indians of the Gila River Indian Community in Arizona, a population with the highest recorded prevalence of NIDDM which often has its onset at a young age and in which such measurements have been performed regularly since childhood [30, 31] . Islet cell antibodies have not been detected in this population [32] and, except in the presence of infection or other stressful stimuli, subjects do not require insulin to prevent ketosis even when diabetes occurs at a young age. The type of diabetes in the Pima Indians is therefore exclusively NIDDM.
Subjects and methods
The subjects are participants in an ongoing longitudinal study of diabetes and its complications conducted among the residents of the Gila River Indian Community in Arizona since 1965 [30] . Residents of the community over the age of 5 years are asked, every 2 years, to participate in a standardized examination. This includes a clinical examination and glucose tolerance test in which, since 1973, venous plasma glucose and serum insulin concentrations are determined after an overnight fast and 2 h after the ingestion of a 75-g glucose':equivalent carbohydrate load. Diabetes was diagnosed according to the World Health Organization criteria for epidemiologic studies [33] when the 2-h post-load plasma glucose concentration was at least 11.1 mmol/l (200 mg/dl) at a survey examination, or in the course of routine medical care, as described previously [31] . Plasma glucose was estimated by an Autoanalyser using the potassium ferricyanide method (Technicon Instruments Corporation, Tarrytown, NY, USA). Serum insulin concentrations were measured in order of sampling by RIA [34] with an interassay coefficient of variation of 6-8% for concentrations of 42-558 pmol/l. Insulin was reported in gU/ml and converted to pmol/1 (1 gU/ml = 6 pmol/1).
The results are based on data from Pima Indians aged 5 to 19 years who had normal glucose tolerance (2-h plasma glu-D.R. McCance et al.: Risk factors for diabetes in childhood cose < 7.8 mmol/l) at entry into the study between 1973 and 1986 and who had at least one subsequent biennial examination. Only subjects whose heritage was at least half Pima, Tohono O'odham (Papago), or a mixture of these two closely-related tribes, in whom fasting and 2-h serum insulin levels were measured at their baseline examination and for whom at least one parent was examined, as described below, were included. Follow-up lasted until development of diabetes or until the last biennial examination, whichever occurred first. Height and weight were measured with the subjects wearing light indoor clothing and no shoes.
Family data are based on the examination of parents rather than by family history. Diabetes status was established at the most recent biennial examination of each parent and defined as absent (non-diabetic and aged at least 40 years), present (at any age), or unknown. Subjects were categorised either by the number of parents with diabetes or, alternatively, by the presence of at least one diabetic parent. In the latter instance, the diabetes status of the other parent may have been unknown. Consequently the number of subjects differs in the Tables and Figures in which these definitions are used.
Statistical analysis
Relative weight, the ratio of actual weight to the age-sex-specific standard weight for height [35] , was used as an index of obesity. Insulin and glucose concentrations in non-diabetic subjects are approximately log-normally distributed, so logarithms of these variables were used in all statistical analyses.
Geometric means are presented for the insulin and glucose variables stratified by 5-year age groups. Differences in the means of the variables adjusted for age and sex were examined in all subjects by analysis of covariance (PROC GLM, Statistical Analysis System) with parental diabetes as the grouping variable. The cumulative incidence of diabetes according to age was examined by parental diabetes and tertile of 2-h plasma glucose, fasting serum insulin and relative weight by analysis of KaplanMeier survival curves.
As all but one incident case of diabetes occurred in offspring of one or more diabetic parents, subsequent analyses were confined to this group. The 10-year cumulative incidence of diabetes by combinations of measurements in the upper tertile and in the lower two tertiles of the variables of interest were estimated adjusted to the mean age of all subjects. The 10-year cumulative incidence was estimated from the baseline survivor function and the fl coefficient of age from a proportional hazards model (PROC PHGLM, Statistical Analysis System).
Factors influencing the development of diabetes were evaluated using proportional hazards analysis. Baseline variables included age, sex, relative weight, fasting and 2-h insulin and fasting and 2-h glucose concentrations. Neither systolic nor diastolic blood pressure were predictive of diabetes and data pertaining to these variables are not presented. Variables were first examined in separate models and then in combination to identify those which were most predictive of diabetes. IRR with 95 % CI are shown comparing the 90th with the 10th percentiles of each of the continuous variables. There were no significant interactions (i. e. multiplicative terms) in any of the models tested.
Results
Age-stratified means of the variables and the significance of the differences adjusted for age and sex for subjects aged 5-19years by parental diabetes are a Geometric means; p values for continuous variables represent age-sex-adjusted differences comparing the association of parental diabetes and metabolic variables using analysis of covariance for subjects aged 5-19 years; b The 10-year cumulative incidence of diabetes was calculated from the proportional hazards model with estimation of the significance of the difference in all subjects using two indicator variables for parental diabetes; c The one subject with non-diabetic parents who developed diabetes did so at 15.8 years of follow up, so the 10-year cumulative incidence is zero shown in Table 1 . Within the three 5-year age groups, means of each of the metabolic variables were higher in offspring of diabetic parents. Adjusted for age and sex, relative weight showed the most significant association with parental diabetes (p < 0.0001), but strongly positive relationships were also observed with 2-h plasma glucose and fasting serum insulin (p = 0.003 for each) and fasting glucose (p = 0.005). In each group the cumulative incidence of diabetes increased progressively with the number of diabetic parents (Table1). The overwhehning impact of parental diabetes for the prediction of diabetes in the offspring was seen in all age groups. Among offspring of two non-diabetic parents, none developed diabetes in the 5-9 and 10-14 year age groups and only one did so in the 15-19 year age group, at 35.2 years of age after 15.8 years of follow up. Partial correlation coefficients, adjusted for age and sex, among the metabolic variables are shown in Table 2 .
Of 1120 subjects aged 5-19 years with normal glucose tolerance at baseline and with at least one diabetic parent, 101 (9.0%) subsequently developed diabetes during a mean of 8.4 (range 0.8-19.4) years of follow up. The 10-year cumulative incidence of diabetes by ter- Figure 1 . In subjects with at least one diabetic parent, the incidence of diabetes was highest in the upper tertiles of all test variables except for 2-h plasma glucose in subjects aged 5-9 years. ,"8 2 g 10 The 10-year cumulative incidence of diabetes for subjects with at least one diabetic parent by each combination of values in the upper tertile of 2-h plasma glucose, fasting serum insulin and relative weight is shown in Figure 2 . The importance of relative weight for the subsequent development of diabetes is evident. Thus, in the absence of a high value of relative weight, the other metabolic variables are poorly predictive of NIDDM. Conditional on being in the highest tertile of relative weight, there is a clear additive effect of a high fasting insulin and a high 2-h glucose. The highest 10-year incidence (16.3 %) thus occurred in subjects with values in the upper tertile of all three variables. The cumulative incidence in this group was 12 times that in those with all three variables below the upper tertile.
D. R. McCance et al.: Risk factors for diabetes in childhood
In subjects with normal glucose tolerance and at least one diabetic parent, the variables which predicted diabetes were examined by proportional hazards analysis. The incidence of diabetes, adjusted for age and sex, in relation to relative weight, fasting and 2-h serum insulin, fasting and 2-h plasma glucose, is shown in Table 3 . Two-hour plasma glucose (IRR = 4.63; 95 % CI = 2.53-8.48; for the 90th compared with the 10th percentile), fasting insulin (IRR = 3.02; 95 % CI = 1.93-4.73) and fasting glucose (IRR = 2.62; 95 % CI = 1.90-3.61) were each strongly predictive of diabetes. In models containing age, sex and either 2-h plasma glucose or fasting insulin, a comparison of log likelihoods showed that each of the models was significantly augmented by the further addition of the other variable. However, after the inclusion of relative weight in the models, 2-h plasma glucose added significantly to the prediction of diabetes (p = 0.004) whereas the addition of fasting insulin provided no better prediction (p = 0.07).
When fasting and 2-h insulin, fasting and 2-h glucose and relative weight were made available to a stepwise model that included age and sex, the variables that 95 % CI for the 90th compared with the 10th percentile. Fasting and 2-hour insulin were available to the model but were not significant were selected as significant predictors of diabetes were relative weight, 2-h and fasting plasma glucose (Table 4) . A stepwise model identical to the above was also examined in all subjects who were non-diabetic at baseline (including those with either normal or impaired glucose tolerance -i. e. all subjects with 2-h plasma glucose < 11.1 mmol/1), and with at least one diabetic parent. Relative weight and 2-h plasma glucose were again among the first to enter the model, but in addition a high fasting and a low 2-h plasma insulin predicted diabetes (data not shown).
Discussion
In the present study, each of the metabolic variables was positively related to parental diabetes in subjects aged 5-19 years. Relative weight, 2-h plasma glucose and fasting serum insulin were the variables most significantly associated with parental diabetes after adjustment for age and sex. We are unaware of previous reports which have demonstrated an association between parental diabetes and all these metabolic vari-ables in childhood and adolescence, or which have examined the importance of parental diabetes relative to these variables simultaneously in children and young adults for the subsequent development of diabetes.
The fundamental influence of parental diabetes on the development of subsequent diabetes is demonstrated by the negligible incidence of diabetes in the offspring of two non-diabetic parents. Of 102 subjects who subsequently developed diabetes, all but one had at least one parent with diabetes. The 10-year cumulative incidence of diabetes was highest in the offspring of two diabetic parents in each of the age groups and was greatest among those subjects with values in the upper tertile of all three test variables: 1) 2-h plasma glucose, 2) fasting serum insulin and 3) relative weight. High values of these variables, however, did not predict diabetes in the subjects with non-diabetic parents. This demonstrates the critical role of parental diabetes for the subsequent development of diabetes in the offspring and highlights that the influence of the various metabolic risk factors is only realized in those with at least one diabetic parent.
The relevance of the metabolic variables for the prediction of diabetes was demonstrated among such subjects. In a proportional hazards analysis, relative weight, 2-h plasma glucose and fasting serum insulin in separate models were the most predictive variables for the development of diabetes. Thus, hyperinsulinaemia, even in childhood and adolescence, predicts the development of diabetes. Knowledge of both fasting insulin and 2-h glucose augmented the information provided from either of these variables alone.
Our findings also yield potentially important insights into the relevance and prognostic significance of childhood obesity. In the present study relative weight was the variable most strongly and consistently associated with parental diabetes within each age group and as a whole, and was highly predictive of diabetes, but only among those with parental diabetes. It is also evident that the effects of the other metabolic factors are greater among subjects in the higher tertile of relative weight than in less obese subjects and that each of these factors acts additively or synergistically with the others in this group. Previous studies which have examined the role of obesity for the prediction of diabetes in multivariate analysis have reached differing conclusions [8, 10, 11, 29] . It has been suggested that hyperinsulinaemia or insulin action is more strongly predictive of subsequent diabetes than is obesity, and that the effect of obesity may be mediated by insulin resistance [8, 11, 29] . The conflicting evidence for obesity as a risk factor in multivariate analysis may reflect the type of obesity, age or race [36] of the populations studied, the extent of the obesity-insulin correlation or relative errors in the measurement of the factors. Although in the present study puberty may have confounded the measurement of fasting insulin in the 10-14-year age group, this is less likely to have been the case for the other two age groups. Moreover, when risk factors for diabetes were examined in subjects by age group, except for the 5-9-year age group, in which no variables were predictive, relative weight and 2-h plasma glucose were again statistically the most important predictors of diabetes (10-14 and 15-19-year age groups). Fasting insulin predicts NIDDM in subjects as young as 10-14 years of age, but its predictive value seems to be explained largely by relative weight. Our results suggest that in genetically predisposed subjects in this ethnic group, relative weight is an early, important and easily measured abnormality for the prediction of NIDDM.
What are the implications of our findings for the identification of risk factors and possible measures of prevention of diabetes? The results of the present study suggest that knowledge of relative weight and fasting or 2-h plasma glucose in children and young adults with a diabetic parent may yield information of considerable value in predicting future diabetes. If primary prevention studies are to be conducted in childhood and adolescence, it is in these overweight, relatively hyperglycaemic subjects in populations with a high prevalence of diabetes that prevention strategies might be expected to have the greatest impact.
How generalisable are the results to other populations? It would seem reasonable to extrapolate our findings to other populations in which the prevalence of both diabetes and obesity is high. In support of this, is the increasing realization that metabolic abnormalities may exist many years before the diagnosis of diabetes, and there are data which suggest that hyperinsulinaemia in childhood is a risk factor for subsequent NIDDM [12, 13, 15] . The situation may be somewhat different however in Caucasians, especially in the non-obese, and it is likely that risk factors may differ in these populations. However, even here, the importance of parental diabetes for subsequent diabetes in the offspring has been described [11] .
While our results are consistent with the hypothesis that hyperinsulinaemia (as a reflection of insulin resistance) has a major pathogenetic role in the development of diabetes [4, [37] [38] [39] , they highlight the relative importance of other related variables, both in terms of their ability to predict diabetes and also with regard to the possible implementation of practical measures of diabetes prevention, such as limiting weight gain. Against a background of parental diabetes, both relative weight and 2-h glucose or fasting insulin in youth are highly predictive of subsequent NIDDM.
